Endothelial to mesenchymal transition (EMT) is now widely considered a pivotal contributor to cancer progression. In this study, we show that the Kaposi's sarcoma-associated herpesvirus (KSHV) is a sufficient cause of EMT, potentially helping to explain the aggressiveness of 
Introduction
Kaposi's sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8, is a gamma herpesvirus discovered in tissue of AIDS-associated Kaposi's sarcoma (KS), and found to be the etiologic agent of all types of KS 1 . KSHV is also linked to primary effusion lymphoma 2 , a subset of multicentric Castleman's disease 3 and an IL-6-related inflammatory syndrome in patients with AIDS 4 .
KS is a multicentric angioproliferative disease often localized in the skin 5 .
Histologically, KS lesions are complex 6 . The characteristic KS spindle cells are elongated KSHV-infected fibroblast-like cells, which represent the main proliferating cell in the lesions.
All KS lesions also contain aberrant small vessels and form slit-like leaky spaces replete with red cells. Infiltration with inflammatory lymphocytes, plasma cells and monocytes is common 5, 6 . KS lesions often transition from a stage where inflammatory and vascular elements are more prominent to a stage in which spindle cells are more prominent 5 .
The origin of the KS spindle cells has been controversial, in part because KS cells express heterogeneous markers. Several studies have concluded that the spindle cells are of endothelial lineage, as they express the vascular endothelial cell markers CD31, CD34, CD36 and others, but the staining for endothelial markers is inconsistent 5, 6 . Other studies have proposed that KS cells derive from mesenchymal precursors or mature pericytes, smooth-muscle cells or fibroblasts as they express smooth-muscle actin lymphatic markers, and, in lymphatic endothelial cells KSHV promotes the expression of vascular endothelial markers 11, 12 , suggesting that viral infection can re-program endothelial cells.
Endothelial cells display considerable plasticity manifested by the ability to morph (transform) into mesenchymal cells. Endothelial-to-mesenchymal transformation (EndMT), similar to epithelial-to-mesenchymal (EMT) transformation, is critical to certain steps in development and contributes to disease. EndMT is required for endothelial/endocardial cells to form the mesenchymal heart cushion cells that generate portions of the heart septa and valves 13, 14 . In the adult, EndMT contributes to pathological fibrosis in the heart and kidneys [15] [16] [17] , to cancer progression by generating carcinoma-associated fibroblasts 18 , and to heterotopic bone formation in patients with fibrodysplasia ossificans progressiva 19 .
The heterogeneity and evolution of KS tissue biopsies, the uncertainties surrounding the origin and phenotype of KS cells, and the observation that KSHV infection promotes change in gene expression and marker profiles raised the possibility that KSHV reprograms endothelial cells to acquire a mesenchymal phenotype. In this study, we examined the possibility that KSHV is an inducer of EndMT. We report that KSHV infection induces transcriptional, phenotypic and functional changes in endothelial cells consistent with their transformation into mesenchymal-like cells, and that such changes are recapitulated in KS tissues. Author Manuscript Published OnlineFirst on January 11, 2012; DOI: 10.1158/0008-5472. automatically from kinetic imaging data points. Each data point represents the average (±SD) wound closure from 3 fields per well in 3 independent wells.
Chemotaxis assay. Chemotaxis ibiTreat μ-Slides (ibidi, GmbH) consisting of two reservoirs (40 μl each) separated by a thin channel (for maintenance of a stable chemotactic gradient up to 48 hrs) were used. Non-infected or KSHV-infected EAHY926 or DMVEC cells (4x10 6 and 2x10 6 cells/ml respectively; in a volume of 6 μl) were seeded into the µ-slides channel in medium without serum. Slides were incubated (37°C, 8 hrs) to allow cell attachment. A gradient of chemoattractant was created in the channel by applying a solution of 50ng/ml PDGF-BB (R&D Systems) or 10%FBS medium onto one reservoir. Cells were imaged continuously for 16h using a Zeiss microscope. Images were analyzed using ImageJ 1.38X software (Rasband, W.S., ImageJ, US National Institutes of Health, Bethesda, MD, USA). Chemotaxis plots of individual cells were generated with the Chemotaxis and Migration Tool (ibidi). Author Manuscript Published OnlineFirst on January 11, 2012; DOI: 10.1158/0008-5472. Master Mix (Applied Biosystems). Primer sequences are: CD34 F: CAT CAC TGG CTA TTT   CCT GAT G and CD34 R: AGC CGA ATG TGT AAA GGA CAG; CD146 F: AAG GCA ACC   TCA GCC ATG TCG and CD146 R: CTC GAC TCC ACA GTC TGG GAC; ZEB-1 F: GCA   CAA CCA AGT GCA GAA GA and ZEB-1 R: GCC TGG TTC AGG AGA AGA TG; ZEB-2 F: CAA GAG GCG CAA ACA AGC and ZEB-2 R: GGT TGG CAA TAC CGT CAT CC; Twist-1 F: AAG AAA CAG GGC GTG GGG CG and Twist-1 R: CCG CTG CCC GTC TGG GAA TC; SNAIL F: GCT GCA GGA CTC TAA TCC AGA and SNAIL R: ATC TCC GGA GGT GGG ATG; SLUG F: TGG TTG CTT CAA GGA CAC AT and SLUG R: GTT GCA GTG AGG GCA AGA A; SMA F: CCA CTA TTG GCA ATG AGC GC and SMA R: CCA ATG AAG GAG GGC TGG AA. Thermal cycling conditions for amplification were set at 50 °C for 30 minutes and 95 °C for 10 minutes, respectively. PCR denaturing was set at 95 °C at 15 seconds and annealing/extending at 60 °C at 60 seconds for 40 cycles. The results were quantified with the comparative C t method (known as the 2
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Cytokines measurements. Human (h)TGFβ1 and hTGFβ2 levels were measured by ELISA (Quantikine, R&D Systems, Minneapolis, MN).
Statistical analysis. Group differences were evaluated by 2-tailed Student's t test. P values less than 0.05 were considered significant. Table 1, 2 and GEO accession number GSE33984) show that KSHV alters expression of a large number of genes: down-regulates expression of numerous endothelial-related genes and adhesion molecules, and up-regulates expression of genes linked to cell motility and cytoskeleton rearrangement.
Results

KSHV
By immunoblotting using DMVEC, we found that KSHV infection reduces protein levels of the endothelial markers CD31, VE-cadherin and Tie-2 and increases protein levels of the mesenchymal markers PDGFRβ, SMA and vimentin ( Figure 1C) . By confocal microscopy, we found the KSHV infection causes an increase and redistribution of polymerized actin, as revealed by phalloidin staining (Figure 1D As markers for mesenchymal cells, we used CD146, PDGFRβ and SMA
21
. Since CD146 is also expressed in the vascular endothelium 21 , we used CD31 co-staining to distinguish between these cell types. In the normal skin the endothelial cells lining blood vessels co-express (co-expression 98%) CD146 and CD31 ( Figure 3B ). Instead, in KS tissue, CD146 is intensely and broadly expressed by cells that do not stain or stain faintly for CD31, are often LANA + (CD146 and LANA co-expression 96%; CD31, CD146 and LANA co-expression 6.1%) and are not associated with a capillary ( Figure 3C ). Immunostaining of the normal skin ( Figure 3D . We examined the potential role of these signaling pathways in EndMT induced by KSHV. In general, KSHV-infected endothelial cells displayed lower levels of TGFΒR2 than uninfected cells.
To evaluate the potential contribution of TGFβ1/TGFΒR2 signaling, we examined the phosphorylation status of the downstream effectors Smad2 and Smad3. We find that the levels of phosphorylated Smad2/3 (P-Smad2/3) are similar in KSHV-infected (9 days post-infection) and uninfected DMVEC and EAHY cells, as are the ratios between P-Smad2/3 and total Smad2/3 ( Figure 5C ). Furthermore, the Smad3 inhibitor SIS3 EndMT is deployed during morphogenesis of the heart enabling endocardial cells (with an endothelial phenotype) to generate the heart cushion cells from which the mesenchymal portion of cardiac septa and valves is formed 13 . Here, the EndMT process results in the generation of terminally differentiated cells. Similarly, the EndMT program has been linked to organ fibrosis, and to ectopic tissue ossification from endothelial cells [15] [16] [17] 19 . In cancer, EndMT was implicated as a source of cancer-associated fibroblasts, which may promote tumor progression by modifying the tumor microenvironment 
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